1. In non-excitable cells, the depletion of intracellular Ca2+ stores triggers Ca2+ influx by a process called capacitative Ca2+ entry. In the present study, we have investigated how the emptying of these stores by thapsigargin (1 microM) influences Ca2+ influx in electrically excitable pancreatic beta-cells. The cytoplasmic Ca2+ concentration ([Ca2+]i) was monitored in clusters of mouse beta-cells or in whole islets loaded with fura-2. 2. The membrane was first held hyperpolarized by diazoxide, an opener of ATP-sensitive K+ (KATP) channels, in the presence of 4.8 mM K+. Alternating between Ca(2+)-free medium and medium containing 2.5 mM Ca2+ caused a minor rise in 
effect of thapsigargin was always much larger than expected from the capacitative Ca2P entry, probably because of a potentiation of Ca2+ influx through voltage-dependent Ca2+ channels. 5. This potentiating effect of thapsigargin did not result from an acceleration of cell metabolism since the drug did not affect glucose-induced changes in NAD(P)H fluorescence. It is also unlikely to involve the inhibition of KATP channels because thapsigargin steadily elevated [Ca2+] (Berridge, 1993 (Putney, 1986; Putney & Bird, 1993) . In mast cells, this influx involves specific Ca2+ channels, and produces a small current termed Ca2+ release-activated Ca2+ (CRAC) current or ICRAC (Hoth & Penner, 1992 , 1993 . Other types of channels with distinct ion selectivity (Ca2+, K+ or Na+) and conductances are activated by intracellular Ca2+ store depletion in different cell types (Parekh, Terlau & Stuihmer, 1993; Fasolato, Innocenti & Pozzan, 1994; Clapham; Friel, 1996; Hoth, 1996) . They constitute a family of channels, which have been termed store-operated channels (SOC), and include the CRAC channel originally described in mast cells (Clapham, 1996; Friel, 1996; Hoth, 1996) . In electrically excitable cells, Ca2+ enters through voltagedependent Ca2+ channels activated by the depolarization of the plasma membrane. However, it is still unclear whether intracellular store depletion also induces an entry of Ca2+ that co-exists with the voltage-mediated Ca2+ influx.
The insulin-secreting pancreatic fl-cell is electrically excitable. Its stimulation by glucose requires the metabolism of the sugar. The acceleration of metabolism increases the ATP/ADP ratio which closes ATP-sensitive K+ channels (KATP channels) in the plasma membrane. This closure causes a decrease in K+ conductance leading to membrane depolarization with the subsequent opening of voltagedependent Ca2+ channels. Ca2+ influx through these channels then increases, leading to a rise in [Ca2+] i and the stimulation of insulin secretion (Henquin, 1994 Roe & Dukes, 1994b) . A small capacitative Ca2+ entry has also been described in RINm5F cells (Bode & Goke, 1994 In the present study we used thapsigargin, a potent and selective inhibitor of the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA pump) (Thastrup, Cullen, Drobak, Hanley & Dawson, 1990) , to assess the influence of intracellular Ca2P store emptying on Ca2P influx in mouse pancreatic fl-cells. To distinguish between membrane potentialdependent and -independent effects we used diazoxide, which opens KATP channels and permits clamping of the membrane potential at stable levels determined by the concentration of extracellular K+ (Gembal, Gilon & Henquin, 1992) . We also evaluated the requirement of intracellular Ca+ stores for glucose-induced [Ca2+] oscillations.
METHODS

Solutions
Different types of solutions were used which had a pH of 7f4 at 37 'C. They were all supplemented with 1 mg ml-' bovine serum albumin (BSA; fraction V; Boehringer-Mannheim). The solution used for islet isolation and for most experiments was a bicarbonatebuffered medium which contained (mM): 120 NaCl, 4-8 KCl, 2-5 CaCl2, 1 2 MgCl2, and 24 NaHCO3, and which was gassed with 94% 02-6% CO2. When the concentration of KCl was increased, that of NaCl was decreased accordingly. Ca2+-free solutions were prepared by substituting MgCl2 for CaCl2, and except for the experiments shown in Fig. 2 , they all contained 50 ,UM EGTA. Preparation of islets and cells All experiments were performed with tissue from fed female NMRI mice (25-30 g) killed by decapitation. Pancreatic islets were isolated after collagenase digestion of the pancreas. To obtain dispersed cells, islets were first rinsed with the usual bicarbonatebuffered medium containing 10 mm glucose, but without CaCl2 and with 0 1 mm EGTA. They were then incubated at 37 'C for 2-3 min in the same medium supplemented with trypsin (0 1 mg ml-'; Merck A.G., Darmstadt, Germany), with gentle pipetting through a siliconized glass pipette until the islets disappeared. After 1 min, the trypsin digestion was stopped and the cells were rinsed twice with cold RPMI1640 medium (Gibco BRL) containing 10% (v/v) heat-inactivated fetal calf serum (FCS; Gibeo BRL). Cells were allowed to attach to 22 mm circular coverslips and cultured for 1-3 days. Intact islets were maintained in culture for 1 or 2 days. The culture medium was RPMI 1640 medium containing 10 mm glucose and supplemented with 10%
FCS, 100 i.u. ml-' penicillin and 100 jug ml-' streptomycin. Measurements of reduced pyridine nucleotides Measurements of endogenous reduced pyridine nucleotides, referred to as NAD(P)H, were performed as previously described (Panten, Christians, Kriegstein, Poser & Hasselblatt, 1973; (Miura, Gilon & Henquin, 1996 ; see also Fig. 5 ) and in whole islets (Gilon, Nenquin & Henquin, 1995a (Fig. 6C) . That the effects of thapsigargin do not involve blockade of KATP channels is also supported by the observation that the drug does not inhibit 86Rb+ efflux from islet cells, an indirect measure of KATP channel activity (not shown), and does not affect the fl-cell membrane potential in the presence of low glucose (Worley et al. 1994b ).
Effects of thapsigargin on [Ca2+i in whole islets
In control islets, increasing the glucose concentration from 3 to 15 mm induced a transient decrease in [Ca2+]1 followed by a biphasic increase that was characterized by a long first phase and a second phase consisting of oscillations (Fig. 7A) . The glucose concentration of the medium was increased from 0 to 6 and 10 mm as indicated. A shows the control response.
In the experiments shown in panels B and C, both the medium used for the loading with fura-2 and the perifusion medium were supplemented with 1 ,UM thapsigargin. Activation of Ca2" influx by Ca2" store depletion control and thapsigargin-treated islets (Fig. 9) . Thapsigargin was also without acute effect as indicated by the lack of change in autofluorescence of clusters of islet cells upon addition of the drug (not shown). Experiments in which thapsigargin was not found to modify glucose oxidation by whole islets (Aizawa et al. 1995 ) also led to the conclusion that the drug does not affect glucose metabolism in f-cells.
DISCUSSION
The present study shows that emptying of intracellular Ca2+ stores by a SERCA pump inhibitor, thapsigargin, stimulates membrane potential-dependent and -independent modalities of Ca2+ influx in the electrically excitable pancreatic fl-cells. That thapsigargin effectively empties intracellular Ca2+ stores in fl-cells has previously been established by its ability to suppress completely ACh-induced mobilization of Ca2+ without affecting IP3 levels (Gilon et al. 1995a; Hamakawa & Yada 1995; Liu, Grapengiesser, Gylfe & Hellman, 1995) . The ability of ACh to mimic the effect of thapsigargin on Ca2P influx under hyperpolarizing conditions strongly supports the conclusion that the increased Ca2+ influx is secondary to Ca2+ store depletion.
Unfortunately, the effects of thapsigargin and ACh could not be compared under other conditions (i.e. in stably depolarized cells or in cells whose membrane potential was not clamped) for two reasons. First, in contrast to thapsigargin, ACh also causes a large increase in Nae conductance (Miura et al. 1996 ) that stimulates Ca2P influx through voltage-dependent Ca!+ channels (Henquin, Garcia, Bozem, Hermans & Nenquin, 1988) . Second, ACh also exerts an inhibitory effect on voltage-dependent Ca2+ channels (Gilon et al. 1995a ).
Identification of a capacitative Ca2+ entry in excitable cells requires suppression of the large Ca2+ influx that normally occurs through voltage-dependent channels. This was achieved not only by blocking these channels with a high concentration of D600, but also by hyperpolarizing the membrane with diazoxide (Gembal et al. 1992 (Fischer, Illek, Negulescu, Clauss & Machen, 1992; Girard & Clapham, 1993 Figure 9 . Lack of effect of thapsigargin on glucose-induced changes in NAD(P)H fluorescence in mouse pancreatic islets When indicated, the concentration of glucose was increased from 3 to 15 mm. In one set of experiments, both the medium used for the pre-incubation of the islets and the perifusion medium were supplemented with 1 /SM thapsigargin. NAD(P)H fluorescence is expressed as a percentage of the signal measured during the last minute preceding the change in glucose concentration. The traces correspond to the mean responses + S.E.M. in 15 (Controls) and 18 (thapsigargin) islets. (Gylfe, 1988; Yada, Kakei & Tanaka, 1992; Roe, Mertz, Lancaster, Worley & Dukes, 1994 (Parekh et al. 1993; Fasolato et al. 1994; Clapham, 1996; Friel, 1996; Hoth, 1996) . Recently, thapsigargin has been reported to activate a non-selective cationic current in fl-cells (Worley et al. 1994a ). Our previous observation that thapsigargin does not increase [Na+]i in fl-cells (Miura et al. 1996) 
